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(57) Abstract 



An improved field comprising two quadnipole trapping fields is established in a region (16) defined by the ring (11) and end (12 
electrodes of a three^nnensional quadnipole ion trap, and the amplitude of an RF (and/or DC) component (and/or the frequency of 
RF component) of one or both trapping fields is changed to sequentially excite trapped ions. Alternatively, a trapping field Capable of 
stonng ions haymg mass-to-charge ratio within a selected range is established, a supplemental field is superimposed with the trapring field 
to eject unwanted ions having mass-to-charge ratio within a second selected range, the supplemental field having frequency components 
ma frequency range except for a notch frequency band within the range, and an improved field is then established^? sup e rimpK*e 
trapping field with a second trapping field of substantially identical soatial form 1 superimposing me 
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MASS SPECTROMETRY METHOD WITH TWO APPLIED 
TRAPPING FIELDS HAVING SAME SPATIAL FORM 

Cross -Reference to Related Applications 

The present application is a continuation-in- 
part of pending U.S. Patent Application Serial No. 
08/034,170, filed March 18, 1993, which is a 
continuation of U.S. Patent Application Serial No. 
07/884,455, filed May 14, 1992, which is a 
continuation of U.S. Patent Application Serial No. 
07/662,191, filed February 28, 1991. The text of the 
prior applications is incorporated herein by 
reference . 

Field of the Invention 

The invention relates to mass spectrometry 

15 methods in which ions are trapped in an ion trap, and 

the trapped ions are selectively excited for 
detection. More particularly, in accordance with the 
inventive mass spectrometry method, an improved field 
(comprising two trapping fields having the same 

20 spatial form and optionally also a supplemental 

field) is established in an ion trap, and the 
improved field is changed to excite selected trapped 
ions sequentially for detection. 

Background of the Invention 

25 Throughout the specification, including in the 

claims, the phrase "spatial form of a field" (and 
variations thereon) is used to denote parameters of a 
field other than a scaling factor for its amplitude 
(or the amplitude of one or more periodic components 

30 thereof) and the phase of one or more periodic 

components thereof. For example, consider a 
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quadrupole trapping field resulting from application 
of an RF sinusoidal voltage (having peak-to-peak 
amplitude V, frequency a>, and a phase) and optionally 
also a DC voltage, between the ring electrode and one 
5 of the end electrodes of a conventional three- 

dimensional quadrupole ion trap. Two such quadrupole 
trapping fields (both applied between the ring 
electrode and an end electrode) will have the same 
"spatial form" despite differences in their 

10 frequencies, phases, DC amplitudes, and/or the peak- 

to-peak amplitudes of their sinusoidal or other 
periodic components. However, a supplemental field 
resulting from application of a sinusoidal or other 
periodic voltage (and optionally also a DC component) 

15 across the end electrodes of a quadrupole trap will 

have a different spatial form than a quadrupole 
trapping field (applied between the ring electrode 
and an end electrode of the trap) due to the 
different geometries of the ring electrode and the 

20 end electrodes. 

Throughout the specification, including in the 
claims, the expression "changing a field," and 
variations thereon, are used in a broad sense to 
denote any operation in which at least one parameter 

25 of the field is changed, including for example, 

performing a continuous sweep or scan of at least one 
parameter of the field, performing a discontinuous or 
pulsed application of a component of the field, or 
performing a discontinuous or pulsed variation of at 

30 least one parameter of the field. 

Each of the expressions "trapping field" and 
"supplemental field" employed herein denotes a field 
having at least one periodically varying component. 
Each periodically varying component can be, but need 

35 not be, a sinusoidally varying component. 
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In some conventional mass spectrometry 
techniques, a combined field (comprising a trapping 
field and a supplemental field having different 
spatial form than the trapping field) is established 
in an ion trap, and the combined field is changed to 
excite trapped ions for detection. For example, U.S. 
Patent 3,065,640 (issued November 27, 1962) describes 
a three-dimensional quadrupole ion trap (with 
reference to Figure 1) . it teaches application of DC 
voltage 2V dc and AC voltage 2V ac across the trap's end 
electrode 13 and ring electrode 11 to establish a 
quadrupole trapping field in the trap, application of 
a supplemental voltage (having DC component V 8 and AC 
component 2V 0 ) across the quadrupole trap's end 
electrodes 12 and 13 to establish a supplemental 
field in the trap (having different spatial form than 
the simultaneously applied quadrupole trapping 
field) , and changing of the combined fields by 
increasing one or both of simultaneously applied 
voltages V 8 and V dc to eject trapped ions from the 
trap through a hole 25 through end electrode 12 for 
detection at an external detector 26 (see col. 3, 
lines 13-18, and col. 9, lines 9-23). 

U.S. Patent 3,065,640 also describes 
simultaneous establishment of two fields having 
identical spatial form in the ion trap (the 
quadrupole trapping field established by "drive" 
oscillator 18 and DC voltage source 19, and the field 
established by "pump" oscillator 20 which is 
connected in series with oscillator 18 and source 
19) . However, this reference does not suggest 
changing parameters of two superimposed fields of 
identical spatial form to excite trapped ions 
sequentially for detection. 
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Similarly, U.S. Patent 2,939,952, issued June 7, 
I960, suggests (at column 6, lines 17-33) 
simultaneous establishment of two fields having the 
same spatial form in an ion trap, but does not 
5 disclose or suggest changing parameters of two fields 

having the same spatial form for the purpose of 
exciting trapped ions sequentially for detection. 

In a class of conventional mass spectrometry 
techniques known as "MS /MS" methods, ions (known as 

10 "parent ions") having mass -to -charge ratio 

(hereinafter denoted as "m/z") within a selected 
range are isolated in an ion trap. The trapped parent 
ions are then allowed or induced to dissociate (for 
example, by colliding with background gas molecules 

15 within the trap) to produce ions known as "daughter 

ions." The daughter ions are then ejected from the 
trap and detected. 

For example, U.S. Patent 4,736,101, issued April 
5, 1988, to Syka, et al . , discloses an MS /MS method 

20 in which ions (having m/z's within a predetermined 

range) are trapped within a three-dimensional 
quadrupole trapping field (established by applying a 
trapping voltage across the ring and end electrodes 
of a quadrupole ion trap) . The trapping field is then 

25 scanned to eject unwanted parent ions (ions other 

than parent ions having a desired m/z) consecutively 
from the trap. The trapping field is then changed 
again to become capable of storing daughter ions of 
interest. The trapped parent ions are then induced to 

30 dissociate to produce daughter ions, and the daughter 

ions are ejected consecutively (sequentially by mass- 
to- charge ratio) from the trap for detection. 

U.S. 4,736,101 teaches (at column 5, lines 16- 
42) establishment of a supplemental AC field (having 

35 different spatial form than the trapping field) in 
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the trap after the dissociation period, while the 
trapping voltage is scanned (or while the trapping 
voltage is held fixed and the frequency of the 
supplemental AC field is scanned) . The frequency of 
the supplemental AC field is chosen to equal one of 
the components of the frequency spectrum of ion 
oscillation, and the supplemental AC field (if it has 
sufficient amplitude) thus resonantly and 
sequentially ejects stably trapped ions from the trap 
as the frequency of each ion (in the changing 
combined field) matches the frequency of the 
supplemental AC field. 

U.S. Patent 4,761,545, issued August 2, 1988 to 
Marshall, et al . , describes application of a variety 
15 of tailored excitation voltage signals to ion traps, 

including ion cyclotron resonance and quadrupole 
traps. The tailored excitation voltages have 
multiple frequency components, and can (through a 
three step, or optionally five step, tailored 
computational procedure) have any of a variety of 
waveforms . 



10 



20 



Summary of the Invention 

The invention is a mass spectrometry method in 
which an improved field (comprising two or more 

25 trapping fields having substantially the same spatial 

form) is established, ions are formed or injected 
into the improved field and are trapped therein, and 
at least one parameter of the improved field is 
changed to excite selected ones of the trapped ions 

30 sequentially (such as for detection) . The improved 

field can also include a third component field 
(sometimes referred to herein as a supplemental 
field) having different spatial form than the 
trapping fields. In preferred embodiments, the 
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changing improved field sequentially ejects selected 
ones of the trapped ions from the improved field for 
detection (or purposes other than detection) . In 
other embodiments, the changing improved field 
5 otherwise sequentially excites the trapped ions for 

detection (or purposes other than detection) . 

In preferred embodiments, the improved field is 
established in a trapping region surrounded by the 
ring electrode and two end electrodes of a three- 
10 dimensional quadrupole ion trap, and the improved 

field comprises at least two quadrupole trapping 
fields (of substantially identical spatial form) 
resulting from application of voltages to one or more 
of the ring electrode and end electrodes. In these 
15 embodiments, the improved field optionally also 

comprises a supplemental field having different 
spatial form than the quadrupole trapping fields, 
resulting from application of at least one 
supplemental AC voltage across at least one of the 
20 end electrodes. The amplitude of an RF (and/or DC) 

component of the voltage producing one or both of the 
quadrupole trapping fields (and/or the frequency of 
the RF component of one or both of the quadrupole 
trapping fields) can be scanned or otherwise changed 
25 while the supplemental AC voltage is applied across 

the end electrodes (or the quadrupole trapping fields 
can be held fixed while a parameter of the 
supplemental AC voltage is scanned or otherwise 
changed) , to sequentially excite ions having a range 
3 0 of mass-to-charge ratios (m/z's) for detection. 

Application of the supplemental AC voltage as an 
additional component field of the improved field (in 
addition to the two component fields having 
substantially identical spatial form) is useful for 
35 exciting selected ions for a variety of purposes, 



WO 94/28575 



PCT/US94/05902 



-7- 



including inducing their reaction or dissociation 
(particularly in the presence of a buffer gas) , or 
ejecting them from the trap for detection. 

Alternatively, a trapping field capable of 
5 storing ions having mass to charge ratio within a 

selected range (corresponding to a trapping range of 
ion frequencies) is established in a trap region, and 
a supplemental field is superimposed with the 
trapping field to eject unwanted ions having mass- 
10 to- charge ratio within a second selected range from 

the improved field. The supplemental field can be a 
broadband signal having frequency components from a 
first frequency up to a second frequency wherein the 
frequency range spanned by the first frequency and 
15 tne second frequency includes a portion of the 

trapping range (e.g., it includes a portion of the 
trapping range from the ion frequency that 
corresponds to the pump, frequency, w p , to one half the' 
drive frequency, w, of the first trapping field) , or 
20 having frequency components within a lower frequency 

range from a first frequency up to a notch frequency 
band, and within a higher frequency range from the 
notch frequency band up to second frequency, and 
wherein the frequency range spanned by the first 
25 frequency and the second frequency includes the 

trapping range (optionally, there can be more than 
one notch frequency band) . Then, before or after 
application of the above-mentioned supplemental 
field, an improved field is established in the 
trapping region by superimposing the trapping field 
with at least one additional trapping field of 
substantially identical spatial form as the trapping 
field. The improved field can then be changed to 
sequentially excite trapped ions remaining in the 
35 trapping region. Typically, the superimposed 
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trapping fields and the supplemental field are 
established by applying voltage signals to electrodes 
of an ion trap apparatus, where the electrodes 
describe the spatial form of the trapping region. 

In a class of preferred embodiments, the 
relative phase of two or more periodically time- 
varying component fields of the improved field is 
controlled to achieve an optimal combination of mass 
resolution, sensitivity, and mass peak stability 
during ion detection. Dynamic phase adjustment can 
be performed during mass analysis (when the improved 
field of the invention is being changed) to achieve 
an optimal combination of mass resolution, 
sensitivity, and mass peak stability during 
sequential time periods in which each of different 
ion species are excited for detection. For example, 
if the improved field consists of two quadrupole 
trapping fields (produced by two sinusoidal RF 
voltages) and a supplemental AC field (produced by a 
sinusoidal supplemental voltage) , different optimal 
relative phases of the two RF voltages (and of each 
RF voltage and the supplemental voltage) may be 
produced at different times during a mass analysis 
operation in which a parameter of the improved field 
is changed (such as by being scanned) . 

Brief Descriptio n of the Drawings 

Figure 1 is a simplified schematic diagram of an 
apparatus useful for implementing a class of 
preferred embodiments of the invention. 

Figure 2 is a diagram of one preferred 
embodiment of the invention. 

Figure 3 is a diagram of a second preferred 
embodiment of the invention. 
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Figure 4 is a diagram of a third preferred 
embodiment of the invention. 

Figure 5 is a diagram of a fourth preferred 
embodiment of the invention, 

5 Detailed Description of the Preferred Embodiment s 

The quadrupole ion trap apparatus shown in 
Figure 1 is useful for implementing a class of 
preferred embodiments of the invention. The Figure 1 
apparatus includes ring electrode 11 and end 

10 electrodes 12 and 13. A first three-dimensional 

quadrupole trapping field is established in region 16 
enclosed by electrodes 11-13, when fundamental 
voltage generator 14 is switched on (in response to a 
control signal from control circuit 31) to apply a 

!5 fundamental voltage between electrode 11 and 

electrodes 12 and 13 . The fundamental voltage 
comprises a sinusoidal voltage having amplitude V and^ 
frequency w and optionally also a DC component of 
amplitude U. i*> is typically within the radio 

20 frequency (RF) range. 

Ion storage region 16 has radius r D and vertical 
(axial) dimension z 0 . Electrodes 11, 12, and 13 can 
be common mode grounded through coupling transformer 
32. 

25 A second three-dimensional quadrupole trapping 

field is established in region 16 enclosed by 
electrodes 11-13, when pump oscillator 114 is 
switched on (in response to a control signal from 
control circuit 31) to apply a pump voltage between 

30 electrode 11 and electrodes 12 and 13 . The pump 

voltage is a sinusoidal voltage signal having 
amplitude V p and frequency w p (w p is typically an RF 
frequency) , and an optional DC component . 
Alternatively, the pump voltage can be another 
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periodic voltage signal. Pump oscillator 114 is 
connected in series with voltage generator 14. The 
first and second three-dimensional quadrupole 
trapping fields have the same spatial form, but may 
differ in frequency or phase, or in the amplitude of 
their RF or DC components. The improved field in 
region 16 resulting from simultaneous application of 
the first and second three-dimensional quadrupole 
trapping fields is characterized by the above- 
mentioned parameters V # w, U, V p , and o> p . 

The advantages of employing an improved field in 
accordance with the invention (as opposed to a single 
trapping field such as the three-dimensional 
quadrupole trapping field produced by generator 14 
alone) include the following: 

the second trapping field (e.g., a second three- 
dimensional quadrupole trapping field) can be used to 
dissociate selected ions (particularly in the 
presence of a buffer gas) ; 

the second trapping field (e.g., a second three- 
dimensional quadrupole trapping field) can be used to 
effectively increase the m/z range over which ions 
can be stored or analyzed (the "mass range" of the 
ion trap) , beyond the mass range that could be 
expected using a limited voltage output generator 
alone (e.g., a limited voltage output generator 14 
alone) ; 

ions can be made unstable (during performance of 
mass analysis) by a changing improved field whose 
component fields have lower peak-to-peak voltage than 
the voltage amplitude that would otherwise be 
required to make them unstable using a single changed 
trapping field (by adjusting a field parameter such 
that the ion's "a" and/or "q" parameters lie outside 
the stability envelope) so that lower power, and 
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hence less expensive, voltage sources can be employed 
to implement mass analysis; and 

trapped ion trajectories can be increased more 
rapidly (i.e., exponentially with time) by changing 
the inventive improved field than by conventional 
resonance ejection techniques (which increase such 
trajectories essentially linearly with time), thus 
enabling faster scan rates and higher mass resolution 
than can be achieved by conventional resonance 
ejection techniques. 

The above-mentioned increase in effective mass 
range of an ion trap can be achieved in a variety of 
ways. For example, parameters of the second trappings 
field (produced by a second generator) can be 
selected to expand the mass range beyond that 
achievable with a single trapping field produced by a 
first generator having limited output voltage (e.g., 
a limited voltage output generator 14 alone) . 
Alternatively, the second trapping field can be 
applied, and one or more parameters of the first 
trapping field can then be modified to expand the 
mass range beyond that achievable with the first 
trapping field alone. 

Supplemental AC voltage generator 35 can be 
switched on (in response to a control signal from 
control circuit 31) to apply a desired supplemental 
AC signal across end electrodes 12 and 13 as shown 
(or alternatively, between electrode 11 and one or 
both of electrodes 12 and 13) . In preferred 
embodiments, the supplemental AC signal produced by 
generator 35 is selected so that the improved field 
comprising all three of the first and second three- 
dimensional quadrupole trapping fields, and the field 
established by the supplemental AC voltage, will 
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excite desired trapped ions for detection (or excite 
desired trapped ions for other purposes) . 

One or more parameters (e.g., one or more of V, 
<*>, U, V p , and w p ) of the improved field resulting from 
5 the voltage signals output from both elements 14 and 

114 can be changed to sequentially excite desired 
trapped ions for detection (or for other purposes) . 
Similarly, one or more parameters of the improved 
field resulting from the voltage signals output from 

10 all three of elements 14, 114, and 35 (e.g., one or 

more of V, w, U, V p , w p , and the frequency or 
frequencies and peak-to-peak amplitude or amplitudes 
of generator 35's output) can be changed to 
sequentially excite desired trapped ions for 

15 detection (or for other purposes) . 

Filament 17, when powered by filament power 
supply 18, directs an ionizing electron beam into 
region 16 through an aperture in end electrode 12. 
The electron beam ionizes sample molecules within 

20 region 16, so that the resulting ions can be trapped 

within region 16 by the first quadrupole trapping 
field and/or the second quadrupole trapping field. 
Cylindrical gate electrode and lens 19 is controlled 
by filament lens control circuit 21 to gate the 

25 electron beam off and on as desired. Alternatively, 

ions can be created externally and injected into the 
trapping region. 

In one embodiment, end electrode 13 has 
perforations 23 through which ions can be ejected 

30 from region 16 for detection by an externally 

positioned electron multiplier detector 24. 
Electrometer 27 receives the current signal asserted 
at the output of detector 24, and converts it to a 
voltage signal , which is summed and stored within 

35 circuit 28, for processing within processor 29. 
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In a variation on the Figure 1 apparatus, 
perforations 23 are omitted, and an in-trap detector 
is substituted. Such an in-trap detector can comprise 
the trap's end electrodes themselves. For example, 
5 one or both of the end electrodes could be composed 

of (or partially composed of) phosphorescent material 
(which emits photons in response to incidence of ions 
at one of its surfaces) . In another class of 
embodiments, the in-trap ion detector is distinct 

10 from the end electrodes, but is mounted integrally 

with one or both of them (so as to detect ions that 
strike the end electrodes without introducing 
significant distortions in the shape of the end 
electrode surfaces which face region 16) . One example 

15 of this type of in-trap ion detector is a Faraday 

effect detector in which an electrically isolated 
conductive pin is mounted with its tip flush with an 
end electrode surface (preferably at a location along 1 
the z -axis in the center of end electrode 13) . 

20 Alternatively, other kinds of in-trap ion detectors 

can be employed, such as ion detectors which do not 
require that ions directly strike them to be detected 
(examples of this latter type of detector, which 
shall be denoted herein as an "in-situ detector," 

25 include resonant power absorption detection means, 

and image current detection means) . 

The output of each in-trap detector is supplied 
through appropriate detector electronics to processor 
29. 

30 In embodiments of the invention, the 

supplemental AC voltage signal from generator 35 can 
be omitted. In other embodiments, a supplemental AC 
signal of sufficient power can be applied to the ring 
electrode (rather than to the end electrodes) to 

35 induce ions to leave the trap in radial directions 
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(i.e., radially toward ring electrode 11) rather than 
in the z -direct ion. Application of a high power 
supplemental signal to the trap in this manner to 
eject unwanted ions out of the trap in radial 
5 directions before detecting other ions using a 

detector mounted along the z-axis can significantly 
increase the operating lifetime of the ion detector, 
by avoiding saturation of the detector during 
application of the supplemental signal. 

10 If one or both of the superimposed first and 

second quadrupole trapping fields has a DC component, 
the improved field will have both a high frequency 
and low frequency cutoff, and will be incapable of 
trapping ions with frequencies of oscillation below 

15 the low frequency cutoff or above the high frequency 

cutoff • 

Control circuit 31 generates control signals for 
controlling fundamental voltage generator 14, 
filament control circuit 21, pump oscillator 114, and 

20 supplemental AC voltage generator 35. Circuit 31 

sends control signals to circuits 14, 21, 114, and 35 
in response to commands it receives from processor 
29, and sends data to processor 29 in response to 
requests from processor 29. 

25 Control circuit 31 preferably includes a digital 

processor or analog circuit, of the type which can 
rapidly create and control the frequency- amplitude 
spectrum of each supplemental voltage signal asserted 
by supplemental AC voltage generator 35 (or a 

30 suitable digital signal processor or analog circuit 

can be implemented within generator 35) . A digital 
processor suitable for this purpose can be selected 
from commercially available models. Use of a digital 
signal processor permits rapid generation of a 
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sequence of supplemental voltage signals having 
different frequency -amplitude spectra . 

The invention is a mass spectrometry method in 
which in an improved field (comprising two or more 
5 trapping fields having the same spatial form) is 

established, ions are trapped in the improved field, 
and at least one parameter of the improved field is 
changed to excite selected ones of the trapped ions 
sequentially (such as for detection) . The improved 

10 field optionally includes a supplemental field (which 

may have a different spatial form than the trapping 
fields) in addition to the trapping fields. In 
preferred, embodiments, the changing improved field 
sequentially ejects selected ones of the trapped ions 

15 from the improved field for detection (or purposes 

other than detection) . In other embodiments, the 
changing improved field otherwise sequentially 
excites the trapped ions for detection (or purposes 
other than detection) . 

20 In preferred embodiments, the improved field is 

established in a trapping region surrounded by the 
ring electrode and two end electrodes of a three- 
dimensional quadrupole ion trap, and the improved 
field comprises at least two quadrupole trapping 

25 fields (of substantially identical spatial form) 

resulting from application of voltages to one or more 
of the electrodes. In these embodiments, the 
improved field optionally also comprises a 
supplemental field having different spatial form than 

30 the quadrupole trapping fields, resulting from 

application of a supplemental AC voltage across the 
end electrodes. The amplitude of an RP (and/or DC) 
component of the voltage producing one or both of the 
quadrupole trapping fields (and/or the frequency of 

35 the RF component frequency of one or more of the 
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quadrupole trapping fields) can be scanned (or 
otherwise changed) while the supplemental AC voltage 
is applied across the end electrodes (or one or more 
of the quadrupole trapping fields can be held fixed 
while a parameter of the supplemental AC voltage is 
scanned or otherwise changed) , to sequentially excite 
ions having a range of mass -to -charge ratios for 
detection. 

Alternatively, a trapping field capable of 
storing ions having mass to charge ratio within a 
selected range (corresponding to a trapping range of 
ion frequencies) is established in a trap region, and 
a supplemental field is superimposed with the 
trapping field to eject unwanted ions having mass- 
15 to-charge ratio within a second selected range from 

the improved field. The supplemental field can be a 
broadband signal having frequency components from a 
first frequency up to a second frequency wherein the 
frequency range spanned by the first frequency and 
20 the second frequency includes a portion of the 

trapping range (e.g., it includes a portion of the 
trapping range from the ion frequency that 
corresponds to the pump frequency, w p/ to one half the 
drive frequency, w, of the first trapping field), or 
25 having frequency components within a lower frequency 

range from a first frequency up to a notch frequency 
band, and within a higher frequency range from the 
notch frequency band up to second frequency, and 
wherein the frequency range spanned by the first 
30 frequency and the second frequency includes the 

trapping range (optionally, there can be more than 
one notch frequency band) . Such a supplemental field 
can eject ions from the trap (other than selected 
ions) , thereby preventing storage of undesired ions 
35 which might otherwise interfere with subsequent mass 
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spectrometry operations. After application of the 
supplemental field, an improved field can be 
established in the trapping region by superimposing 
the trapping field with at least one additional 
5 trapping field having substantially identical spatial 

form as the trapping field. Alternatively, the 
improved field can be established before or during 
application of the supplemental field. 

In a final step, the improved field can be 

10 changed (typically after switching off the 

supplemental field, but alternatively during 
application of the original supplemental field or 
another supplemental field) to sequentially excite 
selected trapped ions remaining in the trapping 

15 region. In the final step, one or more parameters of 

the improved field (including both trapping fields 
and optionally also a supplemental field) can be 
changed to sequentially excite trapped ions in a 
manner for implementing an (MS) n mass analysis 

20 operation, where n = 2, 3, 4, or more. In such an 

(MS) n operation, the improved field can be changed 
(for example, by switching off and on the 
supplemental field component of the improved field) 
to induce dissociation of parent or daughter ions, 

25 and then changed in a different manner to perform 

mass analysis of daughter ions . 

In the above -described embodiments, the two 
trapping fields and the supplemental field can be 
established by applying voltage signals to ion trap 

30 apparatus electrodes which surround the trapping 

region. In preferred embodiments, one of the 
trapping fields is a quadrupole field determined by a 
sinusoidal fundamental voltage signal having a DC 
voltage component (of amplitude U) and an RF voltage 

35 component (of amplitude V and frequency u>) applied to 
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one or more of the ring electrode and end electrodes 
of a quadrupole ion trap, the other trapping field is 
a quadrupole field determined by a sinusoidal pump 
voltage signal (of amplitude V p and frequency u p ) 
5 applied to the same electrode (or electrodes) of the 

quadrupole ion trap, and in the final step one or 
more of parameters V, w, U, V p/ and <o p of the improved 
field are changed to sequentially excite desired 
trapped ions for detection (or for other purposes) .In 
10 other embodiments, the other trapping field is itself 

a superposition of two or more quadrupole fields, 
each determined by a sinusoidal pump voltage signal 
(of amplitude V p and frequency w p ) applied to the same 
electrode (or electrodes) of the quadrupole ion trap 
15 as is the first trapping field. In the final step of 

the latter embodiments, one or more of parameters V, 
w, U, or any of the V p and « p parameters, are changed 
to sequentially excite desired trapped ions. 
In variations on the above-described 
20 embodiments, the supplemental field can have two or 

more notch frequency bands. For example, the 
supplemental field can have frequency components 
within a low frequency range from a first frequency 
up to a first notch frequency band, within a middle 
25 frequency range from the first notch frequency band 

to a second notch frequency band, and within a high 
frequency range from the second notch frequency band 
up to a second frequency. For many mass analysis 
applications, each of the supplemental field's 
30 frequency components preferably has an amplitude in 

the range from 10 mV to 10 volts. 

In preferred embodiments, a buffer or collision 
gas (such as, but not limited to, Helium, Hydrogen, 
Argon, or Nitrogen) is introduced into the trapping 
35 region to improve mass resolution and/or sensitivity 
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and/or trapping efficiency of externally generated 
ions. The buffer or collision gas can also be removed 
before mass analysis to improve sensitivity and/or 
mass resolution during ion ejection and/or detection. 
5 In alternative embodiments of the invention, the 

improved field comprises two hexapole (or higher 
order multipole) trapping fields of substantially 
identical spatial form (e.g., both are hexapole 
fields or both are octopole fields) . The multipole 

10 trapping fields can be established by applying 

sinusoidal (or other periodic) fundamental and pump 
voltages (produced by series -connected voltage 
sources) to the electrodes of a hexapole (or higher 
order multipole) ion trap. 

15 In a class of preferred embodiments, the 

relative phase of two or more periodically time- 
varying component fields of the improved field is 
controlled to achieve an optimal combination of mass'- 
resolution, sensitivity, and mass peak stability 

20 during ion detection. Dynamic phase adjustment can 

be performed during any portion of an experiment, 
including mass analysis (when the improved field of 
the invention is being changed) to achieve an optimal 
combination of mass resolution, sensitivity, and mass 

25 peak stability during sequential time periods in 

which each of different ion species are excited or 
excited for detection. For example, if the improved 
field consists of two quadrupole trapping fields 
(produced by two sinusoidal RF voltages) and a 

30 supplemental AC field (produced by a sinusoidal 

supplemental voltage) , different optimal relative 
phases of the two RF voltages (and of each RF voltage 
and the supplemental voltage) may be produced at 
different times during a mass analysis operation in 
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which a parameter of the improved field is swept or 
scanned. 

In any of the embodiments of the invention: 
while changing the improved field, the rate of 
5 change of one or more of the parameters thereof can 

be controlled to achieve a desired mass resolution; 

an automatic sensitivity or gain control method 
(such as described in U.S. Patent 5,200,613, issued 
April 6, 1993) can be employed while changing the 
10 improved field; 

the electron multiplier is protected from damage 
by deflecting or otherwise preventing unwanted ions 
from entering it or reducing the gain of the 
detector; 

15 non- consecutive mass analysis can be performed 

while changing the improved field (e.g., the improved 
field* can be changed by superimposing a sequence of 
supplemental AC fields thereon, with each 
supplemental field having a frequency selected to 

20 excite ions of an arbitrarily selected m/z ratio) ; 

the improved field can include a supplemental 
field having a frequency- amplitude spectrum selected 
to eliminate interferences, for example due to 
leakage of permeable gases into a sealed ion trap 

25 (such as one sealed by O-rings) or bleed peaks from a 

separation column connected to the device, with a 
mass analysis operation; 

the improved field can include at least two 
"pump" fields and a fundamental trapping field (all 

30 of substantially identical spatial form) selected so 

that the improved pump fields define a frequency- 
amplitude spectrum including one or more notches at 
frequency bands appropriately selected to perform a 
desired mass spectrometry operation, such as selected 

35 storage of wanted m/z's or mass ranges, a chemical 
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ionization (CI) operation or a selected reagent ion 
CI operation, or while protecting the ion detector 
from damage due to the presence of unwanted ions; 
in the presence of the improved field, the 
5 energy of electrons to be introduced into an ion trap 

can be controlled so that the electrons do not create 
unwanted ions (such as by ionizing collision, CI, 
and/or solvent gas in the trap and/or an associated 
vacuum chamber) ; 

10 an improved field (comprising one or more "pump" 

fields as well as a fundamental trapping field, and 
all having substantially identical spatial form) can 
be established in an ion cyclotron resonance (ICR) 
trap, and the improved field can be changed to excite 

15 ions in the ICR trap for detection or other purposes; 

different gas pressure can be maintained in the 
ion injection transport system, the ion trap, and/or 
the ion detector, to optimize the performance of the 
overall analysis; 

20 an ion trap or vacuum system can be used which 

has O-rings or permeable membranes designed for 
supplying atmospheric gasses into the region of the 
improved field, and one or more of the gasses can be 
ionized and selectively stored for use in performing 

25 CI or charge exchange reactions, or the unionized 

gasses can enable collisional dissociation or cooling 
of trapped ions; and 

in an ion trap mass spectrometer which has an 
electrode structure which can store and/or mass 

30 analyze ions, and functions as the vacuum chamber of 

the mass spectrometer, the improved field can be 
designed to have a frequency- amplitude spectrum for 
removing unwanted ions from within the electrode 
structure . 
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A preferred embodiment of the inventive method 
will be described with reference to Fig. 2. As 
indicated in Figure 2, the first step of this method 
(which occurs during period "A") is to store selected 
5 ions in a trap. This can be accomplished by applying 

an RF drive voltage signal to the trap (by activating 
generator 14 of the Figure 1 apparatus) to establish 
a first quadrupole trapping field, simultaneously 
applying a second RF voltage signal to the trap (by 

10 activating pump oscillator 114 of the Figure 1 

apparatus) to establish a second quadrupole trapping 
field (having the same spatial form as the first 
quadrupole trapping field) , and introducing an 
ionizing electron beam into ion storage region 16 (to 

15 create ions which will selectively escape from the 

trap or become stably trapped in the trap) . 
Alternatively, the ions can be externally produced 
and injected into storage region 16 during period A, 
The second quadrupole trapping field creates a 

2 0 hole or place of instability in the stability diagram 

of the first quadrupole trapping field. An axial 
unstable condition will exist whenever u> z = Nw p /2 
where w z is the frequency of ion motion in the axial 
(Z) direction and N is an integer. 

25 Also during period A, a broadband voltage signal 

(which can be a notch- filtered broadband voltage 
signal) is applied to the trap (such as by activating 
supplemental generator 35 of Fig. 1) to eject 
undesired ions from the trap. 

30 Ions produced in (or injected into) trap region 

16 during period A which have a mass-to-charge ratio 
outside a desired range or ranges (determined by the 
combination of the broadband signal and the two 
trapping fields fundamental voltage signal) will 

35 escape from region 16, possibly causing detector 24 
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to produce an output signal as they escape, as 
indicated by the peak in the "ion signal" in Figure 2 
during period A. 

Before the end of period A, the ionizing 
5 electron beam (or ion beam) is gated off. 

After period A, mass analysis and detection is 
performed during period B . During period B, an 
optional supplemental AC voltage signal can be 
applied to the trap (such as by activating generator 
10 35 of the Figure 1 apparatus or a second supplemental 

AC voltage generator connected to the appropriate 
electrode or electrodes) . The frequency of the 
optional supplemental AC signal is preferably about 
half the frequency w p of the second RF voltage signal, 
15 to aid ejection for detection of trapped ions during 

period B. 

Also during period B, trapped ions are 
sequentially excited for detection by changing one or 
more of the peak-to-peak amplitude of the RF drive 

20 voltage signal (or the amplitude of a DC component 

thereof) , the peak-to-peak amplitude of the second RF 
voltage signal (or the amplitude of a DC component 
thereof) , and the frequency w of the RF drive voltage 
signal. If the peak-to-peak amplitude of the second 

25 RF voltage is scanned, it should be in the range from 

about 0.1% to 10% of the peak-to-peak amplitude of 
the RF drive voltage. The second quadrupole field can 
be used (by choosing an appropriate w p with V p ) to 
extend the mass range by causing ions to become 

30 stable and exit the ion trap at lower peak-to-peak 

amplitudes of the RF drive voltage signal, as 
compared to using only a single three-dimensional 
quadrupole field. The step of changing at least one 
parameter of the superimposed fields during period B 

35 successively excites trapped ions having different 
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m/z (mass -to -charge) ratios for detection (for 
example, by electron multiplier 24 shown in Figure 
1) . The "ion signal" portion shown within period B of 
Figure 2 has six peaks, representing sequentially 
5 detected ions having six different mass -to -charge 

ratios . 

Automatic sensitivity correction can be 
performed preliminary to period A, to determine an 
optimal time for the electron (or ion) gate and an 
10 optimal electron current for period A. 

Another preferred embodiment of the inventive 
method will be described with reference to Fig. 3. 
The Fig. 3 method is identical to that described 
above with reference to Fig. 2, except as follows. 
15 During period B of the Fig. 3 method, trapped 

ions are sequentially excited for detection by 
sweeping or scanning the frequency Wp of the second RF 
voltage signal (while holding substantially constant 
the peak-to-peak amplitude of the RF drive voltage 
20 signal and the second RF voltage signal, and the 

frequency o> of the RF drive voltage signal) . By 
scanning the frequency w p of the second RF voltage 
signal from low to high frequency, trapped ions are 
sequentially excited in order of high m/z ratio to 
25 low m / z ratio, and by scanning the frequency o> p of the 

second RF voltage signal from high to low frequency, 
trapped ions are sequentially excited in order of low 
m/z to high m/z. 

Also, it is optional to apply a supplemental AC 
voltage signal to the trap during period B of the 
Fig. 3 method (such as by activating generator 35 of 
the Figure 1 apparatus) . If the supplemental AC 
signal is applied, its frequency is preferably 
scanned synchronously with the scanned frequency » of 
35 th © second RF voltage signal. The frequency of the 
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supplemental AC signal is scanned from low to high if 
frequency <*> p of the second RF voltage signal is 
scanned from low to high, and the frequency of the 
supplemental AC signal is scanned from high to low if 
frequency w p of the second RF voltage signal is 
scanned from high to low. 

In the Fig. 3 method, the step of sweeping or 
scanning the frequency a> p of the second RF voltage 
signal (and optionally also the frequency of the 
supplemental AC signal) during period B successively 
excites trapped ions having different m/z (mass-to- 
charge) ratios for detection (for example, by 
electron multiplier 24 shown in Figure 1) . The "ion 
signal" portion shown within period B of Figure 3 has 
seven peaks, representing sequentially detected ions 
having seven different mass -to- charge ratios. 

Another embodiment of the inventive method, for 
implementing an MS /MS operation, will next be 
described with reference to Fig. 4. Period A of the 
Fig. 4 method is identical to above -described period 
A of the Fig. 2 method. During period A, parent ions 
are stored in the trap. 

The RF drive voltage signal (including its 
optional DC component) and the second RF voltage 
signal are chosen so as to store (within region 16) 
parent ions (such as parent ions resulting from 
interactions between sample molecules and the 
ionizing electron beam) as well as daughter ions 
(which may be produced during period "B") having m/z 
ratio within a desired range. 

Application of a notch- filtered broadband signal 
ejects from the trap ions, produced in (or injected 
into) trap region 16 during period A, which have a 
mass -to- charge ratio outside a desired range 
determined by the combination of the notch- filtered 
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15 



broadband signal and the two other voltages applied 
during period A. 

After period A, during period B, a supplemental 
AC voltage signal is applied to the trap (such as by 
5 activating generator 35 of the Figure 1 apparatus or 

a second supplemental AC voltage generator connected 
to the appropriate electrode or electrodes) . The 
amplitude (output voltage applied) of the 
supplemental AC signal is lower than that of the 
10 notch- filtered broadband signal applied in period A 

(typically, the amplitude of the supplemental AC 
signal is on the order of 100 mV while the amplitude 
of the notch- filtered broadband signal is on the 
order of 1 to 10 V) . The supplemental AC voltage 
signal has a frequency or band of frequencies 
selected to induce dissociation of a particular 
parent ion (to produce daughter ions therefrom) , but 
has amplitude (and hence power) sufficiently low that 
it does not resonate significant numbers of the ions 
excited thereby to a degree sufficient for in- trap or 
out-of-trap detection or ejection. 

Next, during period C, the daughter ions are 
sequentially detected. This can be accomplished, as 
suggested by Figure 4, by changing one or more of the 
peak-to-peak amplitude of the RF drive voltage signal 
(or the amplitude of a DC component thereof) , the 
peak-to-peak amplitude of the second RF voltage 
signal (or the amplitude of a DC component thereof) , 
the frequency w of the RF drive voltage signal, or 
the frequency Wp of the second RF voltage signal, to 
successively eject daughter ions having different 
mass-to-charge ratios from the trap for detection 
(for example, by electron multiplier 24 shown in 
Figure 1). The "ion signal" portion shown within 
35 period C of Figure 4 has four peaks, each 
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representing sequentially detected daughter ions 
having a different mass-to-charge ratio. 

If out-of-trap daughter ion detection is 
employed during period C, the daughter ions are 
5 preferably ejected from the trap in the axial 

direction toward a detector (such as electron 
multiplier 24) positioned along the z-axis. 

In the Pig. 4 method, the second RF voltage 
signal can optionally be off during period A. Also, 

10 the frequency and amplitude of the second RF voltage 

signal can be chosen to dissociate selected parent 
ions during period B to form daughter ions. During 
period C, the frequency and amplitude of the second 
RF voltage signal are appropriately chosen to 

15 accomplish mass analysis. The frequency and amplitude 

of the second RF voltage signal can be different in - 
period B than in period C. 

The Fig. 4 method described above is an MS /MS " r - 
method. In variations on the Fig. 4 method, period B 

20 can implement simultaneous (MS) n , where n is an 

integer greater than 2, or additional periods can be 
performed between periods B and C (of Fig. 4) to 
implement sequential (MS) n , where n is an integer 
greater than 2. 

25 Another embodiment of the inventive method, for 

implementing a chemical ionization (CI) experiment, 
will next be described with reference to Fig. 5. 
Period A of the Fig. 5 method is identical to above- 
described period A of the Fig. 2 method. 

30 During period A, CI reagent ions are created and 

selectively stored within trap region 16. 

After period A, during period B, sample 
molecules are permitted to react with reagent ions 
that have been stably trapped during period A. 

35 Product ions resulting from this reaction are stored 
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in the trap region (if their mass -to- charge ratios 
are within the range capable of being stored by the 
superimposed trapping fields (due to the RF drive 
voltage and the second RF voltage) established during 
period A and maintained during period B. 

Next, during period C, selected parent ions are 
stored in the trap. If the superimposed trapping 
fields (due to the RF drive voltage and the second RF 
voltage) were not established so as to be capable of 
storing such daughter ions during period A, then 
during period C they are changed so as to become 
capable of storing the daughter ions (as indicated by 
the change in the RF drive voltage signal and the 
second RF voltage signal as shown between periods B 
and C of Figure 5) . Also during period C, a second 
notch-filtered broadband signal is applied to the 
trap to resonate out of the trap unwanted ions having 
mass -to- charge ratio other than that of desired 
product ions produced during period B. 

After period C, during period D, a supplemental 
AC voltage signal is applied to the trap (such as by 
activating generator 35 of the Figure 1 apparatus or 
a second supplemental AC voltage generator connected 
to the appropriate electrode or electrodes) . The 
power (output voltage applied) of the supplemental AC 
signal is lower than that of the notch- filtered 
broadband signal applied in period C (typically, the 
power of the supplemental AC signal is on the order 
of 100 mV while the power of the notch- filtered 
broadband signal is on the order of 1 to 10 V) . The 
supplemental AC voltage signal has a frequency or 
band of frequencies selected to induce dissociation 
of a particular stored product ion (to produce 
daughter ions therefrom) , but has amplitude (and 
hence power) sufficiently low that it does not 
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resonate significant numbers of the ions excited 
thereby to a degree sufficient for in- trap or out- 
of-trap detection or ejection. 

Next, during period E, the daughter ions are 
5 sequentially detected. This can be accomplished, as 

suggested by Figure 5, by changing one or more of the 
peak-to-peak amplitude of the RF drive voltage signal 
(or the amplitude of a DC component thereof) , the 
peak-to-peak amplitude of the second RF voltage 

10 signal (or the amplitude of a DC component thereof) , 

the frequency u> of the RF drive voltage signal, or 
the frequency <j p of the second RF voltage signal, to 
successively excite daughter ions having different 
mass -to- charge ratios from the trap for detection 

15 (for example, by electron multiplier 24 shown in 

Figure 1) . The "ion signal" portion shown within 
period E of Figure 5 has four peaks, each 
representing sequentially detected daughter ions 
having a different mass -to- charge ratio. 

20 If out -of -trap product ion detection is employed 

during period E, the product ions are preferably 
ejected from the trap in the z -direction (the axial 
direction) toward a detector (such as electron 
multiplier 24) positioned along the z-axis. 

25 During the period which immediately follows 

period E, all voltage signal sources (and the 
ionizing electron beam) can be switched off. The 
inventive method can then be repeated. 

The Fig. 5 method described above is a CI/MS/MS 

30 method. In variations on the Fig. 5 method, periods 

C and D can be deleted, to implement a CI operation. 
In other variations, periods C and D can implement 
simultaneous (MS) n , where n is an integer greater than 
2, or additional periods can be performed between 
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periods B and E (of Fig. 5) to implement sequential 
(MS) n , where n is an integer greater than 2. 

In the Fig. 5 method, the second RF voltage 
signal can optionally be off during periods A, B, C, 
and D. Also, the frequency and amplitude of the 
second RF voltage signal can be chosen to dissociate 
selected parent ions during period D to form daughter 
ions. During period E, the frequency and amplitude of 
the second RF voltage signal are appropriately chosen 
to accomplish mass analysis. In period A, the 
trapping field established by the second RF voltage 
signal can be used to isolate selected CI reagent 
ions. In period C, the trapping field established by 
the second RF voltage signal can be used to isolate 
selected parent ions. The supplemental AC voltage 
shown in Fig. 5 can optionally be applied during 
period E to improve mass resolution and sensitivity 
during mass analysis. 

Various other modifications and variations of 
the described method of the invention will be 
apparent to those skilled in the art without 
departing from the scope and spirit of the invention. 
Although the invention has been described in 
connection with specific preferred embodiments, it 
should be understood that the invention as claimed 
should not be unduly limited to such specific 
embodiments. 
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WHAT IS CLAIMED IS: 

!• A mass spectrometry method, including the 
steps of: 

(a) establishing a trapping field capable of 
5 storing ions having mass to charge ratio within a 

selected range in a trap region; 

(b) superimposing at least one additional 
trapping field with the trapping field to form an 
improved field in the trap region, where the trapping 

10 field and each said additional trapping field have 

substantially identical spatial form; and 

(c) changing the improved field to excite 
selected trapped ions in the trap region. 

2. The method of claim 1, wherein the trapping 
15 field and each said additional trapping field is a 

quadrupole trapping field. 



3. The method of claim l, wherein step (c) 
includes the step of changing the improved field to 
sequentially excite the selected trapped ions for 

2 0 detection. 

4 . The method of claim 3 , wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and wherein step (c) includes 
the step of : 

25 controlling the relative phase to achieve an 

optimal combination of mass resolution, sensitivity, 
and mass peak stability. 

5 . The method of claim 3 , wherein the trapping 
field and said at least one additional trapping field 
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have a relative phase, and wherein step (c) includes 
the step of: 

dynamically controlling the relative phase to 
achieve an optimal combination of mass resolution, 
sensitivity, and mass peak stability during 
sequential time periods in which different ones of 
the trapped ions are excited for detection. 

6. The method of claim 1, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, also including the step of: 

dynamically controlling the relative phase to 
achieve an optimal combination of mass resolution, 
sensitivity, and mass peak stability during at least 
one of steps (b) and (c) , 

7. The method of claim 1, wherein step (c) 
includes the step of: 

superimposing a supplemental field with the 
improved field to excite selected trapped ions in the 
trap region. 

8. The method of claim 7, wherein the trapping 
field is a quadrupole trapping field resulting from 
application of a voltage to at least one electrode of 
a quadrupole ion trap apparatus, said at least one 
additional trapping field is a quadrupole trapping 
field resulting from application of a second voltage 
to said at least one electrode, and wherein step (c) 
includes the step of: 

changing a parameter of at least one of the 
voltage and the second voltage. 
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9. The method of claim 8, wherein said parameter 
is an amplitude of at least one of the voltage and 
the second voltage. 

10. The method of claim 8, wherein said 

5 parameter is a frequency of at least one of the 

voltage and the second voltage. 

11. The method of claim 8, wherein the voltage 
is a sinusoidal fundamental voltage signal having an 
RF voltage component of amplitude V and frequency w, 

10 and wherein the second voltage is a sinusoidal pump 

voltage signal of amplitude V p and frequency w p . 

12. The method of claim 11, wherein the 
sinusoidal fundamental voltage signal also has a DC 
voltage component. 

15 The method of claim 1 # also including the 

step of forming or injecting ions in the trap region, 
before performing step (c) . 

14. The method of claim 1, wherein step (c) is 
performed in the presence of a gas in the trap 

20 region. 

15. The method of claim 1, also including the 
step of introducing a buffer or collision gas in the 
trap region. 

16. The method of claim 1, wherein step (c) 

25 includes the step of controlling a rate of change of 

at least one parameter of the improved field to 
achieve a desired mass resolution. 
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17. The method of claim l, wherein step (c) 
includes the step of performing non-consecutive mass 
analysis . 

18. The method of claim 1, wherein step (c) 

5 includes the step of superimposing a supplemental 

field with the improved field, said supplemental 
field having a frequency-amplitude spectrum which 
includes at least one notch at a selected frequency 
or band of frequencies. 

10 19- The method of claim 1, wherein the ion trap 

has a mass range, and wherein the improved field 
effectively expands the mass range beyond that 
achievable by establishing the trapping field alone 
in the trap region. 

15 20. The method of claim 19, wherein parameters 

of said at least one additional trapping field are 
selected to expand the mass range beyond that 
achievable by establishing the trapping field alone 
in the trap region. 

20 21. The method of claim 19, including the step 

of: 

modifying at least one parameter of the trapping 
field to expand the mass range beyond that achievable 
by establishing the trapping field alone in the trap 
25 region. 



22. A mass spectrometry method, including the 
steps of: 

(a) establishing a trapping field capable of 
storing ions having mass to charge ratio within a 
selected range in a trap region, where the selected 
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range corresponds to a trapping range of ion 
frequencies; 

(b) superimposing a supplemental field with the 
trapping field to eject from the trap region unwanted 
ions having mass -to- charge ratio within a second 
selected range, wherein the supplemental field has 
frequency components within a lower frequency range 
from a first frequency up to a notch frequency band, 
and within a higher frequency range from the notch 
frequency band up to second frequency, and wherein 
the frequency range spanned by the first frequency 
and the second frequency includes the trapping range; 
and 

(c) superimposing at least one additional 
trapping field with the trapping field to form an 
improved field in the trap region, said trapping 
field and said at least one additional trapping field 
having substantially identical spatial form. 

23. The method of claim 22, wherein each of the 
trapping field and said at least one additional 
trapping field is a quadrupole trapping field. 

24. The method of claim 22, wherein each of the 
trapping field and said at least one additional 
trapping field is a multipole trapping field. 

25. The method of claim 22, wherein steps (b) 
and (c) are performed simultaneously. 

26. The method of claim 22, wherein steps (a), 
(b) , and (c) are performed simultaneously. 
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27. The method of claim 22, also including the 
step of : 
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(d) changing the improved field to sequentially 
excite selected trapped ions in the trap region for 
detection. 

28. The method of claim 27, wherein the trapping 
5 field and said at least one additional trapping field 

have a relative phase, and wherein step (d) includes 
the step of: 

controlling the relative phase to achieve an 
optimal combination of mass resolution, sensitivity, 
10 and mass peak stability. 

29. The method of claim 27, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and wherein step (d) includes 
the step of: 

15 dynamically controlling the relative phase to 

achieve an optimal combination of mass resolution, 
sensitivity, and mass peak stability during 
sequential time periods in which different ones of 
the trapped ions are excited for detection. 

20 30. The method of claim 22, also including the 

step of: 

(d) superimposing a second supplemental field 
with the improved field to excite selected trapped 
ions in the trap region for detection. 

25 31. The method of claim 22, also including the 

step of: 

(d) changing the improved field to excite 
selected trapped ions in the trap region. 
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32. The method of claim 31, wherein step (d) is 
performed after switching off the supplemental field. 
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33. The method of claim 31, wherein step (d) 
includes the step of superimposing a second 
supplemental field with said at least one additional 
trapping field. 

34. The method of claim 31, wherein the trapping 
field is a quadrupole trapping field resulting from 
application of a voltage to at least one electrode of 
a quadrupole ion trap apparatus, said at least one 
additional trapping field is a quadrupole trapping 
field resulting from application of a second voltage 
to said at least one electrode, and wherein step (d) 
includes the step of: 

changing a parameter of at least one of the 
voltage and the second voltage. 

15 35 • The method of claim 34, wherein step (d) 

includes the step of: 

changing an amplitude of at least one of the 
voltage and the second voltage. 
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36. The method of claim 34, wherein step (d) 
includes the step of: 

changing a frequency of at least one of the 
voltage and the second voltage. 

37. The method of claim 34, wherein the voltage 
is a sinusoidal fundamental voltage signal having a 
DC voltage component of amplitude U and an RF voltage 
component of amplitude V and frequency w , and wherein 
the second voltage is a sinusoidal pump voltage 
signal of amplitude V p and frequency Wp . 
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38. The method of claim 31, wherein the trapping 
field is a quadrupole trapping field resulting from 
application of a voltage to at least one electrode of 
a quadrupole ion trap apparatus, said at least one 

5 additional trapping field is a quadrupole trapping 

field resulting from application of a second voltage 
to said at least one electrode, and wherein step (d) 
includes the step of: 

applying a supplemental voltage to at least one 
10 electrode of a quadrupole ion trap apparatus to cause 

the improved field to include a supplemental field. 

39. The method of claim 31, wherein step (d) 
includes the step of implementing an (MS) n mass 
analysis operation, where n is an integer greater 

15 than one. 

40. The method of claim 39, wherein the 
operation of changing the improved field includes the 
step of selectively switching on a supplemental 
field. 

41. The method of claim 39, wherein the trapping 
field is a quadrupole trapping field resulting from 
application of a voltage to at least one electrode of 
a quadrupole ion trap apparatus, said at least one 
additional trapping field is a quadrupole trapping 
field resulting from application of a second voltage 
to said at least one electrode, and wherein the 
operation of changing the improved field includes the 
step of: 

changing a parameter of at least one of the 
voltage and the second voltage. 
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42. The method of claim 22, wherein the 
supplemental field has frequency components within a 
low frequency range from the first frequency up to a 
first notch frequency band, and frequency components 
within a middle frequency range from the first notch 
frequency band to a second notch frequency band, and 
frequency components within a high frequency range 
from the second notch frequency band up to the second 
frequency. 

43. The method of claim 42, wherein the 
supplemental field has frequency components from the 
second notch frequency band up to a third notch 
frequency band, and frequency components from the 
third notch frequency band up to the second 
frequency. 

44 . The method of claim 22 , wherein the 
frequency components of the supplemental field have 
amplitude in a range from 10 mV to 10 volts. 

45. A mass spectrometry method which employs an 
ion trap comprising a set of electrodes surrounding a 
trap region, including the steps of: 

(a) applying a first voltage to at least one of 
the electrodes to establish a trapping field capable 
of storing ions having mass to charge ratio within a 
selected range within the trap region, where the 
selected range corresponds to a trapping range of ion 
frequencies; 

(b) applying a supplemental voltage to at least 
one of the electrodes to eject from the trap region 
unwanted ions having mass -to -charge ratio within a 
second selected range, wherein the supplemental 
voltage has frequency components within a lower 



WO 94/28575 



PCT/US94/05902 



-40- 

frequency range from a first frequency up to a notch 
frequency band, and within a higher frequency range 
from the notch frequency band up to second frequency, 
and wherein the frequency range spanned by the first 
frequency and the second frequency includes the 
trapping range; and 

(c) applying a second voltage to at least one of 
the electrodes to superimpose at least one additional 
trapping field with the trapping field, thereby 
forming an improved field in the trap region, said at 
least one additional trapping field and said trapping 
field having substantially identical spatial form. 

46. The method of claim 45, wherein the 
trapping field is a three-dimensional quadrupole 
trapping field and said at least one additional 
trapping field is a second three-dimensional 
quadrupole trapping field. 

47. The method of claim 45, also including the 
step of: 

(d) changing the improved field to excite 
selected trapped ions in the trap region for 
detection. 

48. The method of claim 47, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and also including the step 

of : 

controlling the relative phase to achieve an 
optimal combination of mass resolution, sensitivity, 
and mass peak stability. 
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49. The method of claim 47, wherein the trapping 
field and said at least one additional trapping field 
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have a relative phase, and wherein step (d) includes 
the step of : 

dynamically controlling the relative phase to 
achieve an optimal combination of mass resolution, 
5 * sensitivity, and mass peak stability during 

sequential time periods in which different ones of 
the trapped ions are excited for detection. 

50. A mass spectrometry method, including the 
steps of : 

10 (a) establishing a field in an ion trap, wherein 

said field comprises at least two trapping fields 
having substantially identical spatial form, and 
wherein said field is capable of storing ions having 
mass to charge ratio within a selected range; and 

15 (b) changing the field to excite selected 

trapped ions for detection. 

51. The method of claim 50, wherein each of the 
at least two trapping fields is a quadrupole trapping 
field. 

20 52. The method of claim 50, wherein the ion trap 

has a mass range, and wherein the field effectively 
expands the mass range beyond that achievable by 
establishing one of the at least two trapping fields 
alone in the ion trap. 
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AMENDED CLAIMS 

[received by the International Bureau on 05 September 1994 (05.09.94); 
original claim 3 cancelled; original claim 1 amended; 
original claims 4-6, 17-18, 28-29 and 48-50 amended and renumbered; 
new claims 52-58 added; (13 pages)] 



1. A mass spectrometry method, including the 
steps of : 

(a) establishing a trapping field capable of 
storing ions having mass to charge ratio within a 
selected range" in a trap region; 

(b) superimposing at least one additional 
trapping field with the trapping field to form an 
improved field in the trap region, where the trapping 
field and each said additional trapping field have 
substantially identical spatial form; and 

(c) changing the improved field to sequentially 
excite trapped ions having different mass to charge 
ratios in the trap region while detecting the ions 
excited by said step of changing the improved field, 

2. The method of claim 1, wherein the trapping 
field and each said additional trapping field is a 
quadrupole trapping field. 

3. The method of claim 1, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and wherein step (c) includes 
the step of: 

controlling the relative phase to achieve a 
desired combination of mass resolution, sensitivity, 
and mass peak stability. 

4. The method of claim 1, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and wherein step (c) includes 
the step of : 
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dynamically controlling the relative phase to 
achieve a desired combination of mass resolution, 
sensitivity, and mass peak stability during 
sequential time periods in which different ones of 
the trapped ions are excited for detection. 

5. The method of claim 1, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, also including the step of: 

dynamically controlling the relative phase to 
achieve a desired combination of mass resolution, 
sensitivity, and mass peak stability during at least 
one of steps (b) and (c) . 

6. The method of claim 1, wherein step (c) 
includes the step of : 

superimposing a supplemental field with the 
improved field to excite selected trapped ions in the 
trap region. 

7. The method of claim 6, wherein the trapping 
field is a quadrupole trapping field resulting from 
application of a voltage to at least one electrode of 
a quadrupole ion trap apparatus, said at least one 
additional trapping field is a quadrupole trapping 
field resulting from application of a second voltage 
to said at least one electrode, and wherein step (c) 
includes the step of: 

changing a parameter of at least one of the 
voltage and the second voltage. 

8. The method of claim 7, wherein said parameter 
is am amplitude of at least one of the voltage and 
the second voltage. 
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9. The method of claim 7, wherein said 
parameter is a frequency of at least one of the 
voltage and the second voltage. 

10. The method of claim 7, wherein the voltage 
5 is a sinusoidal fundamental voltage signal having an 

RP voltage component of amplitude V and frequency u>, 
and wherein the second voltage is a sinusoidal pump 
voltage signal of amplitude V p and frequency a> p . 

11. The method of claim 10, wherein the 

10 sinusoidal fundamental voltage signal also has a DC 

voltage component. 



12 . The method of claim 
step of forming or injecting 
before performing step (c) . 

13 . The method of claim 
performed in the presence of 
region. 



1, also including the 
ions in the trap region, 

1, wherein step (c) is 
a gas in the trap 



14. The method of claim 1, also including the 
step of introducing a buffer or collision gas in the 
20 trap region. 



15. The method of claim l, wherein step (c) 
includes the step of controlling a rate of change of 
at least one parameter of the improved field to 
achieve a desired mass resolution. 

16. A mass spectrometry method, including the 
steps Of: 



AMENDED SHEET (ARTICLE 19) 



WO 94/28575 PCT/US94/05902 

45 



10 



15 



(a) establishing a trapping field capable of ' 
storing ions having mass to charge ratio within a 
selected range in a trap region,- 

(b) superimposing at least one additional 
trapping field with the trapping field to form an 
improved field in the trap region, where the trapping 
field and each said additional trapping field have 
substantially identical spatial form,- and 

(c) changing the improved field to excite 
selected trapped ions in the trap region, wherein 
step (c) includes the step of performing non- 
consecutive mass analysis. 

17. A mass spectrometry method, including the 
steps Of: 

(a) establishing a trapping field capable of 
storing ions having mass to charge ratio within a 
selected range in a trap region,- 

(b) superimposing at least one additional 
trapping field with the trapping field to form an 
improved field in the trap region, where the trapping 
field and each said additional trapping field have 
substantially identical spatial form,- and 

(c) changing the improved field to excite 
selected trapped ions in the trap region for 
detection, wherein step (c) includes the step of 
superimposing a supplemental field with the improved 
field, said supplemental field having a frequency- 
amplitude spectrum which includes at least one notch 
at a selected frequency or band of frequencies. 

30 18. The method of claim l, wherein the ion trap 

has a mass range, and wherein the improved field 
effectively expands the mass range beyond that 
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achievable by establishing the trapping field alone 
in the trap region. 

19. The method of claim 18, wherein parameters 
of said at least one additional trapping field are 
selected to expand the mass range beyond that 
achievable by establishing the trapping field alone 
in the trap region. 

20. The method of claim 18 , including the step 

of: 

modifying at least one parameter of the trapping 
field to expand the mass range beyond that achievable 
by establishing the trapping field alone in the trap 
region. 

21. A mass spectrometry method, including the 
steps of: 

(a) establishing a trapping field capable of 
storing ions having mass to charge ratio within a 
selected range in a trap region, where the selected 
range corresponds to a trapping range of ion 
frequencies ; 

(b) superimposing a supplemental field with the 
trapping field to eject from the trap region unwanted 
ions having mass -to -charge ratio within a second 
selected range, wherein the supplemental field has 
frequency components within a lower frequency range 
from a first frequency up to a notch frequency band, 
and within a higher frequency range from the notch 
frequency band up to second frequency, and wherein 
the frequency range spanned by the first frequency 
and the second frequency includes the trapping range; 
and 
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(c) superimposing at least one additional 
trapping field with the trapping field to form an 
improved field in the trap region, said trapping 
field and said at least one additional trapping field 
5 having substantially identical spatial form. 

22. The method of claim 21, wherein each of the 
trapping field and said at least one additional 
trapping field is a quadrupole trapping field. 

23. The method of claim 21, wherein each of the 
10 trapping field and said at least one additional 

trapping field is a multipole trapping field. 

24. The method of claim 21, wherein steps (b) 
and (c) are performed simultaneously. 

25. The method of claim 21, wherein steps (a), 
15 (b) , and (c) are performed simultaneously. 

26. The method of claim 21, also including the 
step of: 

(d) changing the improved field to sequentially 
excite selected trapped ions in the trap region for 
20 detection. 

27. The method of claim 26, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and wherein step (d) includes 
the step of: 

25 controlling the relative phase to achieve a 

desired combination of mass resolution, sensitivity, 
and mass peak stability. 
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28. The method of claim 26, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and wherein step (d) includes 
the step of: 

dynamically controlling the relative phase to 
achieve a desired combination of mass resolution, 
sensitivity, and mass peak stability during 
sequential time periods in which different ones of 
the trapped ions are excited for detection. 

29. The method of claim 21, also including the 
step of : 

(d) superimposing a second supplemental field 
with the improved field to excite selected trapped 
ions in the trap region for detection. 

30. The method of claim 21, also including the 
step of: 

(d) changing the improved field to excite 
selected trapped ions in the trap region. 

31. The method of claim 30, wherein step (d) is 
performed after switching off the supplemental field. 

32. The method of claim 30, wherein step (d) 
includes the step of superimposing a second 
supplemental field with said at least one additional 
trapping field. 

33. The method of claim 30, wherein the trapping 
field is a quadrupole trapping field resulting from 
application of a voltage to at least one electrode of 
a quadrupole ion trap apparatus, said at least one 
additional trapping field is a quadrupole trapping 
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field resulting from application of a second voltage 
to said at least one electrode, and wherein step (d) 
includes the step of : 

changing a parameter of at least one of the 
voltage and the second voltage. 

34. The method of claim 33, wherein step (d) 
includes the step of: 

changing an amplitude of at least one of the 
voltage and the second voltage. 

35. The method of claim 33, wherein step (d) 
includes the step of : 

changing a frequency of at least one of the 
voltage and the second voltage. 

36. The method of claim 33, wherein the voltage 
is a sinusoidal fundamental voltage signal having a 
DC voltage component of amplitude U and an RF voltage 
component of amplitude V and frequency l>, and wherein 
the second voltage is a sinusoidal pump voltage 
signal of amplitude V p and frequency <j p . 

37. The method of claim 30, wherein the trapping 
field is a quadrupole trapping field resulting from 
application of a voltage to at least one electrode of 
a quadrupole ion trap apparatus, said at least one 
additional trapping field is a quadrupole trapping 
field resulting from application of a second voltage 
to said at least one electrode, and wherein step (d) 
includes the step of: 

applying a supplemental voltage to at least one 
electrode of a quadrupole ion trap apparatus to cause 
the improved field to include a supplemental field. 
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38. The method of claim 30, wherein step (d) 
includes the step of implementing an (MS) n mass 
analysis operation, where n is an integer greater 
than one. 

39. The method of claim 38, wherein the 
operation of changing the improved field includes the 
step of selectively switching on a supplemental 
field. 



40. The method of claim 38, wherein the trapping 
field is a quadrupole trapping field resulting from 
application of a voltage to at least one electrode of 
a quadrupole ion trap apparatus, said at least one 
additional trapping field is a quadrupole trapping 
field resulting from application of a second voltage 
to said at least one electrode, and wherein the 
operation of changing the improved field includes the 
step of: 

changing a parameter of at least one of the 
voltage and the second voltage. 

41. The method of claim 21, wherein the 
supplemental field has frequency components within a 
low frequency range from the first frequency up to a 
first notch frequency band, and frequency components 
within a middle frequency range from the first notch 
frequency band to a second notch frequency band, and 
frequency components within a high frequency range 
from the second notch frequency band up to the second 
frequency. 
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42. The method of claim 41, wherein the 
supplemental field has frequency components from the 
second notch frequency band up to a third notch 
frequency band, and frequency components from the 
third notch frequency band up to the second 
frequency. 

43. The method of claim 21, wherein the 
frequency components of the supplemental field have 
amplitude in a range from 10 mV to 10 volts. 

44. A mass spectrometry method which employs an 
ion trap comprising a set of electrodes surrounding a 
trap region, including the *steps of: 

(a) applying a first voltage to at least one of 
the electrodes to establish a trapping field capable 
of storing ions having mass to charge ratio within a 
selected range within the trap region, where the 
selected range corresponds to a trapping range of ion 
frequencies; 

(b) applying a supplemental voltage to at least 
one of the electrodes to eject from the trap region 
unwanted ions having mass r to -charge ratio within a 
second selected range, wherein the supplemental 
voltage has frequency components within a lower 
frequency range from a first frequency up to a notch 
frequency band, and within a higher frequency range 
from the notch frequency band up to second frequency, 
and wherein the frequency range spanned by the first 
frequency and the second frequency includes the 
trapping range; and 

(c) applying a second voltage to at least one of 
the electrodes to superimpose at least one additional 
trapping field with the trapping field, thereby 
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forming an improved field in the trap region, said at 
least one additional trapping field and said trapping 
field having substantially identical spatial form. 

45. The method of claim 44, wherein the 
trapping field is a three-dimensional quadrupole 
trapping field and said at least one additional 
trapping field is a second three-dimensional 
quadrupole trapping field. 

46. The method of claim 44, also including the 
step Of: 

(d) changing the improved field to excite 
selected trapped ions in the trap region for 
detection. 

47. The method of claim 46 , wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and also including the step 
of: 

controlling the relative phase to achieve a 
desired combination of mass resolution, sensitivity, 
and mass peak stability. 

48. The method of claim 46, wherein the trapping 
field and said at least one additional trapping field 
have a relative phase, and wherein step (d) includes 
the step of: 

dynamically controlling the relative phase to 
achieve a desired combination of mass resolution, 
sensitivity, and mass peak stability during 
sequential time periods in which different ones of 
the trapped ions are excited for detection. 
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49. A mass spectrometry method, including the 
steps of: 

(a) establishing a field in an ion trap, wherein 
said field comprises at least two trapping fields 
having substantially identical spatial form, and 
wherein said field is capable of storing ions having 
mass to charge ratio within a selected range; and 

(b) changing the field to sequentially excite 
trapped ions having different mass to charge ratios 
for detection while detecting the ions excited by 
said step of changing the field. 

50. The method of claim 49, wherein each of the 
at least two trapping fields is a quadrupole trapping 
field. 

51. The method of claim 49, wherein the ion trap 
has a mass range, and wherein the field effectively 
expands the mass range beyond that achievable by 
establishing one of the at least two trapping fields 
alone in the ion trap. 

52. The method of claim 1, wherein at least one 
of the trapping field and said least one additional 
trapping field has a frequency component, and wherein 
step (c) includes the step of: 

superimposing a supplemental field, having 
frequency substantially equal to half of said 
frequency component, with the improved field to 
excite selected trapped ions in the trap region. 

53. The method of claim 21, wherein step 
(c) includes the step of: 

superimposing a second supplemental field with 
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said trapping field and said at least one additional 
trapping field to excite selected trapped ions in the 
trap region. 

54. The method of claim 21, wherein at least 
one of the trapping field and said least one 
additional trapping field has a frequency component, 
and wherein step (c) includes the step of: 

superimposing a second supplemental field, 
having frequency substantially equal to half of said 
frequency component, with said trapping field and 
said at least one additional trapping field to excite 
selected trapped ions in the trap region. 

55. The method of claim 44, wherein step (c) 
includes the step of: 

superimposing a second supplemental field with 
the improved field to excite selected trapped ions in 
the trap region. 

56. The method of claim 44, wherein at least 
one of the trapping field and said least one 
additional trapping field has a frequency component, 
and wherein step (c) includes the step of: 

superimposing a second supplemental field, 
having frequency substantially equal to half of said 
frequency component, with the improved field to 
excite selected trapped ions in the trap region. 

57. The method of claim 49, wherein step (b) 
includes the step of: 

superimposing a supplemental field with the 
field to excite selected trapped ions in the trap. 
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